Lactoferrin (Lf), an iron-binding protein of the transferrin family, is found in the secondary granules of polymorphonuclear leukocytes and in mucosal secretions such as milk. Lf has a broad spectrum of antimicrobial properties and is believed to be a prominent component of the nonspecific host defense on the mucosal surface (7, 57) . The bacteriostatic effect of Lf is based mainly on its ability to sequester iron (2) . Bovine milk Lf (bLf) exhibits marked bacteriostatic activity against a wide range of bacteria, with the most susceptible species being Escherichia coli (32, 34) . Susceptibility to Lf varies among bacterial species and strains (34) . Lf binds lipopolysaccharide (LPS) on the outer cell membranes of gram-negative bacteria, causing the release of LPS by damaging the structural integrity of the membrane (14) . Lf can also modulate the immunological response in vivo and in vitro by down-regulating LPS-induced cytokines (19, 37) .
The concentration of bLf is high in colostrum (48) and in dry-period secretions (58) . In healthy lactating cows, the bLf level in the milk varies from 0.02 to 0.45 mg/ml (58) . During intramammary infection (IMI), the concentration of bLf in the milk increases (17, 18, 25) , and Lf is considered one of the most important factors contributing to the defense of the mammary gland (52) . For experimentally induced E. coli infection, the bLf concentration in milk was 30 times higher than that found in normal milk (18) . The milk bLf concentration depends on the severity of the infection. The greatest increase in bLf concentration has been seen for acute coliform mastitis, whereas for subclinical mastitis much lower bLf values are detected (25, 29) . In all studies, great individual variations in bLf concentration between cows have been reported. Exogenous Lf has been proposed to represent a potential nonantibiotic therapeutic approach for the treatment of IMI (11, 24) . Some beneficial effect was reported for subclinical mastitis (26) , but for experimental E. coli mastitis, no clear advantage could be demonstrated (33) .
Mastitis caused by environmental coliform bacteria is an increasing problem for the dairy industries in many countries (12, 30) . Coliform mastitis is often associated with severe clinical signs, extensive tissue damage, and considerable losses in milk yield (16, 51) . In E. coli mastitis, the response of the host mainly determines the severity of the disease (8) . Genetic engineering is one potential way to increase the host defense against mastitis (27, 39, 56) . Increasing mastitis resistance through modifying the activities of genes or incorporating beneficial genes from other organisms into dairy cattle could have a positive impact on animal welfare and also on the economics of milk production. The transgenic approach to enhancing mastitis resistance has been studied in a mouse model (27) . In the first published bovine model (56) , cows carrying a gene coding for an antistaphylococcal peptide, lysostaphin, were shown to be resistant to Staphylococcus aureusinduced IMI. To increase the resistance of dairy cows to coliform IMI by transgenesis, the transfer of a gene encoding human lac-toferrin (hLf) to the bovine mammary gland would, in theory, represent a good candidate approach. The first transgenic cows with the hLf gene were reported to express Lf in their milk, at levels from 0.3 to 2.8 mg/ml (55) . Recombinant human Lf (rhLf) is structurally and functionally similar to natural hLf (44, 45) . However, despite the sequence homology, there may be differences in activity, as shown for bovine and human lactoferricin (15) .
The aim of this study was to investigate the response of rhLf-transgenic cows to experimentally induced E. coli IMI. The working hypothesis was that cows with elevated Lf concentrations in their milk would be less susceptible to mastitis than cows with physiological Lf concentrations.
MATERIALS AND METHODS
Animals and experimental data. Seven primiparous Holstein-Friesian transgenic cows, produced and owned by Pharming Group NV, The Netherlands, and expressing human Lf in their milk, and six normal Holstein-Friesian dairy cows were used. The median age of the transgenic cows was 39 months (range, 38.5 to 39.9 months) at parturition and they had calved a median of 12 days before the experiment. The six normal cows used as control animals were 30 months old (range, 27.5 to 31.5 months) at parturition and had calved a median of 18 days before the experiment. Genomic insertion by microinjection of recombinant DNA into the pronucleus of a fertilized oocyte was the method used to generate a transgenic bull, and rhLf-transgenic cows were then produced by the embryo transfer technique (31) . In brief, the donor heifers were superovulated and inseminated with transgenic sperm from the sire. The embryos were flushed from uteri, and multiplex PCR analysis was performed on biopsies to identify the males and the transgeneity. The female transgenic embryos were selected for transfer. The transgeneity of the calves was confirmed by hLf-transgenic-calf PCR analysis (6) . The basic mean concentration of rhLf in the milk of transgenic cows during early lactation was 2.9 mg/ml, and that of bLf was 0.07 mg/ml (22) .
The cows were fed according to their energy requirements with good-quality hay, silage, and concentrated grain. Water was available ad libitum. They were milked twice a day, at 8 a.m. and 4 p.m. The basic somatic cell count (SCC) in the milk of transgenic cows was, on average, 34,200/ml (range, 14,000 to 70,000/ ml), and that in the milk of control cows was, on average, 99,600/ml (range, 38,000 to 177,000/ml). The cows were clinically healthy and had no bacterial growth in their milk samples before the experiment. One cow from the transgenic group and one from the control group were excluded from the trial because of abnormally high pretrial values for acute-phase proteins, which indicated some subclinical, concomitant disease.
E. coli mastitis was induced as described before (33, 47) . On average, 1,700 CFU (range, 1,500 to 2,300 CFU) of E. coli strain FT238, isolated from cows with clinical mastitis, was infused into a single udder quarter of each cow. This bacterial strain is sensitive to bLf in vitro, with complete inhibition of growth being achieved at concentrations of Ͼ1.67 mg/ml (33) .
The ethics committees of the University of Kuopio and the University of Helsinki approved the study protocol, and The Board for Gene Technology in Finland approved the use of transgenic animals.
Blood and milk samples. Blood and aseptic milk samples from the challenged and contralateral udder quarters were collected 12 h and immediately before the challenge and every 4 hours postchallenge (p.c.) during the first 24 h. Thereafter, blood samples were drawn at 36, 60, 84, and 168 h (7 days) and at 14 days, and milk samples were taken before milking of cows at 36, 44, 60, 84, 132, 156 , and 180 h and, finally, 14 days after the challenge. The jugular vein was used for blood sampling. Sera were separated and kept frozen at Ϫ70°C for later determinations of tumor necrosis factor alpha (TNF-␣), serum amyloid A (SAA), haptoglobin, cortisol, urea, creatinine, albumin, total protein, alanine aminotransferase (ALAT), and alanine aminophosphatase (AFOS) levels. EDTA-treated blood was collected for leukocyte (WBC) counts and determinations of packed cell volume (PCV). Human and bovine lactoferrin levels, bacterial counts, milk SCCs, N-acetyl-␤-D-glucosaminidase (NAGase) activities, LPS levels at 12 h p.c., and SAA, haptoglobin, and TNF-␣ levels were determined from the milk samples.
Clinical observations. Systemic and local clinical signs were monitored throughout the experiment, every 4 h during the first 24 h, and subsequently every time the cows were milked. Heart rate, rectal temperature, rumen motility, appetite, and general attitude were recorded. Systemic signs were scored on a three-point scale (from 1 [no signs] to 3 [severe signs]), with half numbers also being used (47) . The udder was palpated for soreness, swelling, hardness, and heat, and the appearance of the milk was assessed visually for clots and changes in color or composition every time the cows were milked. Local signs were scored on the same three-point scale as the systemic signs, as follows: for milk, 1 (normal) to 3 (serous or clotty milk); and for udders, 1 (no changes) to 3 (severe swelling and soreness in the quarter) (47) . Cows showing scores of Ͼ1 but Յ1.5 were recorded as having mild mastitis, those with scores of Ͼ1.5 but Յ2.5 were recorded as having moderate mastitis, and those with scores of Ͼ2.5 to 3 were recorded as having severe mastitis. The milk yield from the infected udder quarter and the total milk yield were measured 4 days and 12 h before inoculation and thereafter every time the cows were milked until the seventh day and, finally, at 2 weeks p.c.
Human and bovine lactoferrin. Quantitative recombinant human and natural bovine lactoferrin analyses were conducted by enzyme-linked immunosorbent assays (ELISAs). hLf was measured by an rhLf-specific ELISA according to the procedure recommended by Pharmingen, and anti-hLf was adsorbed with Sepharose to remove cross-reacting antibodies (54) . bLf levels were measured using a bovine lactoferrin ELISA quantitation kit (Bethyl Laboratories, Inc.). The crossreactivity of bLf with hLf was tested with bLf and hLf standards (Sigma, St. Louis, Mo.). The level of detection was 0.008 mg/ml. The interassay and intraassay coefficients of variation (CVs) for the Lf analysis were Ͻ10% and Ͻ5%, respectively.
Bacterial counts and LPS in milk. Bacterial counts in the milk were determined by preparing 10-fold dilution series of milk in sterile saline. Bacteria were cultured on blood agar at 37°C for 24 h, using serial dilutions, and were counted by a routine plate count method. The concentrations of LPS in the milk samples at 12 h p.c. were determined by using the Limulus amebocyte lysate test (BioWhittaker, Walkersville, MD) at the Regional Institute of Occupational Health, Kuopio, Finland.
Indicators of inflammation in milk and blood. Milk SCCs were measured at Valio Ltd. Laboratories, Finland, by a fluoro-optical method using a Fossomatic instrument (Foss Electric, Hillerød, Denmark). SCC values over 20 ϫ 10 6 /ml were recorded as 20 ϫ 10 6 /ml. Milk NAGase activity was measured by the fluorogenic method of Kitchen and coworkers (28), using a microplate modification developed by Mattila and Sandholm (41) . Interassay and intra-assay CVs for NAGase activity were Ͻ4.8% for the high control (mastitic milk [1.34 pmol]) and Ͻ6.6% for the low control (normal milk [0.147 pmol]).
An ELISA for the quantification of bovine TNF-␣ in plasma (9) was modified for serum and milk as described by Lehtolainen et al. (38) . The milk samples were centrifuged twice at 25,000 ϫ g for 40 min at 4°C, and the clear supernatants of the milk were used for ELISA analysis. The interassay (between days) and intraplate CVs for the serum TNF-␣ ELISA were below 10.1% and 8.6% for the high control (23.5 ng/ml) and the low control (1.9 ng/ml), respectively. For the milk TNF-␣ ELISA, the interassay and intraplate CVs for the high control (109.2 ng/ml diluted 1:32 to 1:128) were less than 9.8%, and those for the low control (6.4 ng/ml diluted 1:8) were below 14.0%. The detection limits of the ELISA were 0.5 ng/ml for serum and 1.0 ng/ml for milk. Serum cortisol was analyzed using a radioimmunoassay (Coat-A-Count cortisol; Diagnostic Product Corporation, Helsinki, Finland). The interassay and intra-assay CVs for serum cortisol were Ͻ6.4% and Ͻ5.1%, respectively.
The concentrations of SAA in sera and milk were determined by using a commercial ELISA test (Tridelta Development, Wicklow, Ireland). Serum and milk samples were initially diluted 1:500 and 1:50, respectively. For high SAA values, samples were diluted as necessary, up to 1:5,000 for serum samples and up to 1:10,000 for milk (maximal concentrations, 750 mg/liter and 1,500 mg/liter, respectively). The interassay and intra-assay CVs for the SAA analyses were Ͻ10% and Ͻ5%, respectively. Milk and serum haptoglobin concentrations were determined by a method based on the ability of haptoglobin to bind to hemoglobin (40), using tetramethylbenzidine as a substrate (1) . The complex formed in the assay was determined photometrically (Multiskan MS; Labsystems, Vantaa, Finland). Interassay and intra-assay CVs for haptoglobin were Ͻ10% and Ͻ13%, respectively.
Hematological parameters (WBC counts and PCVs) were determined within 24 h of sampling, using an automated multiparameter analyzer with software for animal samples (Cell-Dyn 3700 system; Abbott Diagnostic Division, Abbott Park, IL). Serum urea, creatinine, albumin, and total protein were measured by enzymatic kinetic methods, using an automatic analyzer (KonePro; ThermoClinical Labsystems, Espoo, Finland). ALAT and AFOS activities were measured with an automatic analyzer (Kone Specific; ThermoClinical Labsystems, Espoo, Finland). 
RESULTS
Clinical findings. All cows in both groups became infected and developed clinical mastitis within 8 to 12 h p.c. The clinical response became visible 4 h earlier for the control group (P ϭ 0.006). All transgenic cows and five cows in the control group showed mild to moderate systemic signs; only one cow in the control group exhibited a severe reaction. The body temperatures of the transgenic and control cows are presented in Fig.  1a . The mean temperature was lower for the transgenic cows than for the control cows (P ϭ 0.031). The transgenic cows suffered significantly fewer severe systemic clinical signs than did control cows (P ϭ 0.020), and they recovered faster (P ϭ 0.008). Systemic signs in all cows in the transgenic group had returned to normal by 24 h, while the recovery of the control cows lasted over 48 h. The local signs for the infected udder quarters and changes in the appearance of milk disappeared within 7 days p.c. for both groups (Fig. 1b) . No statistically significant differences between the local signs of the groups were found. The daily total milk yield during the experiment did not differ statistically between the groups.
Human and bovine lactoferrin. Total lactoferrin concentrations in the milk of the transgenic and control cows are presented in Fig. 2 . Expression levels of rhLf remained rather constant during the experiment. The mean concentrations of rhLf in the milk ranged from 2.35 to 2.89 mg/ml. In the milk of the control udder quarters, mean bLf concentrations were slightly elevated and peaked at 36 to 40 h p.c., at 0.16 (standard error of the mean [SEM], Ϯ0.03) mg/ml at 36 h p.c. and 0.14 (Ϯ0.02) mg/ml at 40 h p.c. for the transgenic group and at 0.20 (Ϯ0.06) and 0.24 (Ϯ0.08) mg/ml, respectively, for the control group. There was no statistically significant difference between concentrations of bLf in the challenged and control quarters.
Bacterial counts and LPS in milk. Bacterial counts in the milk of the challenged udder quarters peaked in both groups at 8 h p.c., and all bacteria were eliminated within 3.5 days p.c. (Fig. 3a) . No significant differences were observed in the elimination times of bacteria between the two groups. The mean concentration of LPS in the milk of the transgenic cows at 12 h p.c. was 783 (SEM, Ϯ437) endotoxin units/ml; the corresponding value for the control cows was 2,262 (Ϯ1,139) endotoxin units/ml. The difference in LPS concentrations between the groups was not statistically significant (data not shown).
Indicators of inflammation in milk and blood. Milk SCCs from the challenged udder quarters started to increase earlier (at 8 h p.c.) in the control cows, but for both groups they peaked at 16 h p.c. and started to decline after 44 h p.c. (Fig.  3c) . No significant difference was found between the groups (P ϭ 0.224). The NAGase activity of the milk was highest at 36 h p.c. for the transgenic group (on average, 2.49 pmol/min/l) and at 40 h p.c. for the control group (on average, 2.46 pmol/min/l). No significant difference was seen in the NAGase concentrations between the groups (data not shown). For both groups, SCCs and NAGase activities in the milk from challenged udder quarters returned to the baseline levels at 14 days p.c. Milk SCCs and NAGase activities in the contralateral control quarters remained at the prechallenge levels for both groups. Experimental E. coli IMI induced both local and systemic TNF-␣ responses in the cows. A monophasic TNF-␣ response was present in the milk of the transgenic group, reaching a maximum level at 16 h p.c. (220.4 Ϯ 50.3 ng/ml [mean Ϯ SEM]). A biphasic TNF-␣ response was seen in the control group, with TNF-␣ concentrations in the milk peaking at 12 to 16 h p.c. (130.5 Ϯ 24.2 and Ϯ 14.9 ng/ml, respectively) and again at 24 h p.c. (162.5 Ϯ 0.6 ng/ml). However, the second TNF-␣ peak for the control group was attributable to a single cow. Higher TNF-␣ concentrations were found in the milk of the transgenic group at hours 16 and 20 p.c. than in that from the control group, but the difference was not significant. The TNF-␣ concentrations returned to background levels within 60 h. In serum, the TNF-␣ concentrations peaked at 12 h p.c. and returned to the baseline level by 24 h p.c. (Fig. 4a) . One of the control cows with severe systemic signs had the highest concentration of serum TNF-␣ at 12 h p.c. (10.9 ng/ml), but the mean concentrations of serum TNF-␣ did not differ statistically between groups.
All cows responded to the challenge with increased serum cortisol concentrations, which were elevated in the control group at 8 h p.c. and peaked at 12 h p.c. (122.9 Ϯ 48.7 nmol/ liter [mean Ϯ SEM]), whereas in the transgenic group they increased 4 h later, also peaking at the 12-h time point (130.4 Ϯ 6.2 nmol/liter) (Fig. 4b) . The serum cortisol concentrations of the transgenic group returned to normal by 36 h p.c., but in the control group they stayed elevated and did not return to baseline levels even by 7 days p.c. The differences in serum cortisol concentrations between the groups were significant at 8, 36, and 168 h p.c. (P ϭ 0.003, P ϭ 0.031, and P ϭ 0.048, respectively).
Milk SAA concentrations started to increase at 12 h p.c. and were at their highest at 36 h p.c. for both groups (Fig. 3b) . The mean peak value was 1,098.9 (Ϯ235.5 [SEM]) mg/liter for the transgenic cows and 891.3 (Ϯ246.3) mg/liter for the control cows. The milk haptoglobin concentration peaked at 36 h p.c. for both groups (Fig. 3d) , with the average peak concentrations being 0.58 (Ϯ0.12) g/liter for the transgenic cows and 0.49 (Ϯ0.14) g/liter for the control cows. The milk SAA and haptoglobin concentrations did not differ statistically between the groups.
For both groups, serum SAA levels peaked at 60 h p.c. (Fig.  4c) ; the maximum concentrations were, on average, 282.4 mg/ liter for the transgenic group and 376.9 mg/liter for the control group. The same pattern was seen for serum haptoglobin concentrations, but the differences were significant at 8 h (P ϭ 0.035) and 168 h p.c. (P ϭ 0.029) (Fig. 4d) . The values were at their highest at 60 h p.c., at 1.53 g/liter, on average, for the transgenic cows and 1.77 g/liter, on average, for the control cows. Serum haptoglobin concentrations returned to the baseline level by 7 days p.c. for the transgenic group, but in the control group they were still elevated at this time point (P ϭ 0.029). No differences were seen in serum concentrations of AFOS, ALAT, total protein, urea, creatinine, and albumin or 
DISCUSSION
This is the first study describing an experimentally induced mastitis model using rhLf-transgenic dairy cows. The high concentration of Lf in the milk of the transgenic cows did not protect the udders from E. coli IMI, as all of the cows became infected. No differences were seen in the bacterial growth and times to bacterial elimination. The systemic clinical signs were milder in the transgenic group, but no difference was seen in the local signs. The mean concentration of endotoxin in the milk at 12 h p.c. was lower for the transgenic group than for the control group, but the difference was not statistically significant. No statistically significant differences were seen between the groups in any of the milk or blood inflammatory parameters, except for serum haptoglobin and cortisol levels. Genetic engineering of cows with the Lf gene to protect them against E. coli IMI was not as efficient as that reported for lysostaphin in a staphylococcal IMI model (56) .
The total concentration of Lf in the milk of transgenic cows was markedly higher than the corresponding value for the control cows. The hLf gene is expressed under the control of the bovine ␣S1-casein promoter (6), and ␣S1-casein is expressed in bovine milk at a level of about 10 mg/ml. During IMI, the level of ␣S1-casein decreases in the milk, but the expression of casein does not change significantly (50), nor does the expression of rhLf. The regulation of bLf differs from that of the other milk proteins (49) . bLf is released from the specific granules of neutrophils, and thus the concentration of bLf in milk is also related to the number of neutrophils present in the milk (17) .
The rhLf present in the milk of transgenic animals, mice, and cows and natural hLf show very similar structural and functional properties in vitro (45, 53, 55) . rhLf glycans may possess specific features that must be taken into account when interpreting results from in vitro and in vivo experiments (35) . In spite of the structural similarities of rhLf and hLf, the differences in their iron-sequestering abilities and binding properties for microbial cell wall LPS may contribute significantly to the antimicrobial effects of lactoferrins and lactoferricins in vitro and in vivo (19, 46) . According to Komine et al. (29) , the antibacterial and immunostimulatory properties of Lf originating from the milk of mastitic cows were inferior to those of physiological Lf from healthy cows. rhLf is expressed under the control of bovine casein, and it remains to be determined whether the structure and function of rhLf change during IMI. In this study, the level of rhLf was rather constant during IMI, which suggests that rhLf may be largely independent of the regulation of bLf during inflammation.
In coliform mastitis, the clinical signs are attributed mainly to the effects of LPS, which induces the host response by stimulating an acute-phase response (8, 20) . The abilities of Lf to bind LPS and to down-regulate LPS-induced cytokines have been hypothesized to be part of the immunomodulatory function of Lf (37) . Lf is one of the proteins with high-affinity LPS binding, but it does not completely neutralize LPS activity, and lipid A can be still be active even after the Lf-LPS complex has been formed (43) . Our finding of reduced clinical signs for transgenic animals may indicate that elevated Lf inhibited the activity of LPS to some extent, but not totally. Lf competes with LPS-binding protein for binding to LPS and might interfere with the interaction of LPS with CD14 (36) . Lf is also believed to act like LPS-binding protein during the inflammatory activation of macrophages (43) . The LPS-neutralizing activity of Lf may depend on the presence and concentration of other LPS-binding proteins.
At a concentration of Ͻ0.2 mg/ml, bLf cannot inhibit the growth of E. coli in vitro (13). Kutila et al. (32) found that E. coli isolates, our experimental strain included, were inhibited in vitro at a concentration of 1.67 mg/ml and that bacterial killing occurred at a relatively high initial concentration of bacteria (5,000 CFU/ml). In the present study, bacterial counts in the milk of the groups did not differ significantly, which means that the level of Lf was insufficient for a bacteriostatic effect. The concentration of Lf mRNA in the cisternal region and in ducts near the teat is higher than that in the epithelial ducts of the mammary parenchyma, and this may affect the prophylactic capacity of Lf against bacterial invasion via the teat (42) .
In studies of experimentally induced LPS and E. coli mastitis, the increases in cortisol concentrations in mildly and moderately affected cows were transient (20, 23) , but in the most severely affected cows the cortisol levels remained elevated (20) . In our study, serum cortisol concentrations for the control cows rose earlier and remained elevated longer than those for the transgenic cows, indicating a stronger inflammatory reaction.
A rise in the serum TNF-␣ level reflects the severity of systemic signs (5, 20) . In this study, the mean peak concentration was somewhat higher for the transgenic group, but the difference between groups was not significant. Lf may modulate immune responses by inhibiting cytokine activity, and this has been shown to be concentration dependent (10). Blum et al. (5) observed that peak plasma TNF-␣ concentrations were up to 20-fold lower than the maximal concentrations reached in milk. In our study, the mean serum TNF-␣ concentration for the transgenic group was almost 100-fold lower and that for the control group was 30-fold lower than the maximal concentrations in the milk.
SAA and haptoglobin have been reported to be sensitive inflammatory markers for acute E. coli mastitis, and their levels correlate with the severity of the cow's response (1) . In the present study, SAA and haptoglobin concentrations in serum started to increase shortly after the challenge and remained lower in the transgenic cows than in the control cows. SAA and haptoglobin peaked earlier in the milk than in the serum for both groups. This was probably a result of the rapid local production of these proteins in the mammary gland, as described before (21) . Haptoglobin binds harmful molecules, such as hemoglobin, as well as debris produced after tissue damage (4), and thus can help to restrict the spread of the infection by limiting the free iron available for E. coli bacteria, which is also one function of Lf; haptoglobin may thus complement the actions of Lf (21) .
Our Lf transgenesis model did not provide protection against E. coli mastitis in dairy cows, in contrast to the findings for experimental S. aureus challenge in lysostaphin-transgenic cows (56) . Lf reduced the severity of the inflammatory reaction, which could be seen in the systemic signs and in the serum cortisol and haptoglobin concentrations. Lactoferrin has broad or nonspecific antimicrobial activity, unlike lysostaphin, which is targeted against staphylococci and would thus have an advantage over lactoferrin. The inflammatory responses of the mammary gland to the two infections are different in that E. coli mainly causes acute IMI, whereas S. aureus tends to evoke a slowly developing chronic infection (3). This may partly explain the inconsistent results for these experiments. The inoculum size and challenge via the teat canal in the experimental E. coli mastitis model differ from natural infection, and the protective effect of additional Lf in milk could be better under natural conditions. However, it seems unlikely that Lf would be among the best candidate proteins for genetic engineering to enhance mastitis resistance in dairy cows if this approach is taken by the dairy industry in the future.
